Phenolic acids (PAs) are metabolites derived from polyphenolic compounds found in fruits and vegetables resulting from the actions of gut bacteria. Previously, we reported that the levels of seven individual PAs were found to be at least 10 times higher in the serum of rats fed a blueberry (BB)-containing diet compared to those fed a control diet. We have characterized the effects of one such BBassociated serum PA, 3-(3-hydroxyphenyl)-propionic acid (PPA), on senescence signaling and promotion of mesenchymal stem cell differentiation toward osteoblasts, while suppressing adipogenesis in the stem cells. To better understand the mechanistic actions of PPA on bone formation in vivo, we administered four doses of PPA (0.1, 0.5, 1, and 5 mg/kg/day; daily i.p.) to 1-month-old female C57BL6/J mice for 30 days. We did not observe significant effects of PPA on cortical bone; however, there were significantly higher bone volume and trabecular thickness and increased osteoblastic cell number, but decreased osteoclastic cell number in PPA-treated groups compared to controls. These morphological and cellular outcomes of bone were reflected in changes of bone formation markers in serum and bone marrow plasma. PPA treatment reduced senescence signaling as evaluated by senescence-associated β-galactosidase activity, PPARγ, p53, and p21 expression in bone. In conclusion, PPA is capable of altering the mesenchymal stem cell differentiation program and bone cell senescence. This raises the possibility that BB-rich diets promote bone growth through increasing systemic PAs, a question that merits additional investigation.
Introduction
B one development and remodeling are coordinately regulated by both local paracrine molecules and hormones travelling through the bloodstream. (1) (2) (3) The human skeleton also requires an adequate supply of many different nutritional factors to optimize peak bone mass and minimize osteoporosis risk associated with normal aging. Of the individual nutritional factors, particular attention has been paid to micronutrients such as calcium, vitamin D, and phosphate, and macronutrients such as fat and protein. There has also been interest in several food groups, particularly dairy products, fruits and vegetables, and foods contributing to acid-base balance, interacting with local bone transcription factors and circulating endogenous hormones to facilitate bone development. (4, 5) These foodbased biologically active phytochemicals may not only promote bone development but also protect bone from degeneration. To date, the most investigated effects of phytochemicals on bone are phytoestrogens (ie, isoflavones found in soy) (6) and resveratrol (found in red wine); (7) whether they can exert significant effects on bone formation and produce greater bone quality in vivo still needs to be fully verified.
We have previously demonstrated a robust effect of blueberry (BB)-supplemented diets on stimulating bone formation in male and female rodents. (8) Such effects of BB on bone may be ascribed to higher levels of specific phenolic acids (PAs) appearing in the bloodstream of rodents after diets. (8) Among those PAs, hippuric acid (HA) and 3-(3-hydroxyphenyl)-propionic acid (PPA) were found to be potentially bioactive on stimulating osteoblast differentiation and proliferation in cell cultures. (9) PAs are gut microflora-derived metabolites of polyphenols found in the circulation following consumption of BB and other fruits, vegetables, and coffee. (10) PAs are structurally similar to nicotinic acid or niacin (the essential nutrient, vitamin B3); the latter is a nicotinic acid metabolite which binds and activates the G-protein coupled receptor (GPR) 109 A. (11) We have hypothesized that the actions of HA on bone cells is mediated in part through mechanisms involving binding to GPR109A in cell membranes. (11) However, PPA actions on bone in vivo, and the potential mechanisms involved, remain to be elaborated further.
Bone formation is dependent on the differentiation and activity of osteoblasts; whereas resorption of preexisting mineralized bone matrix by osteoclasts is necessary for bone remodeling. (12) In rapidly growing animals, active osteoblastic bone formation usually exceeds bone resorption, resulting in net bone accrual. Bone marrow stromal cells and periosteal osteoblast precursors are both potential sources of new osteoblasts. (3) It is estimated that osteoblasts in mice have a lifetime of approximately 10 days, (13) following which these cells are thought to be lost via apoptosis, become trapped in bone matrix giving rise to osteocytes, or become inactive lining cells. In addition to these processes, we have made the novel observations that increased osteoblastic cell senescence signaling may be fundamental to explain loss of osteoblast function and osteoprogenitor differentiation potential. (14) Most important, we have discovered that biologically active dietary factors such as isoflavones and phenolic acids can inhibit senescence programs in osteoblasts or their precursor osteoprogenitors, which should promote bone development. (15) Using approaches we have established previously, we set to test the hypothesis that PPA is able to suppress cellular senescence signaling in osteoblasts and bone both in vitro and in vivo.
Materials and Methods

Animals and PPA treatment
Twenty-day-old newly-weaned female C57BL/6 J mice purchased from the Jackson Laboratory (Bar Harbor, Maine, USA) were randomly assigned to one of five groups (n = 10 per group). Mice are all weighed, then randomized due to their weight, and housed in mouse small shoe box cage, five animals per cage. One group of mice received AIN-93G diet formulated with casein as the sole protein source throughout the experiment, and received a daily intraperitoneal injection of 100 µL saline (control). The other four groups of mice received a daily morning i.p. injection of 3-(3-hydroxyphenyl)-propionic acid (PPA; Alfa Aesar, Haverhill, ME, USA; cas#621-54-5) 0.1, 0.5, 1, or 5 mg/kg/day made in saline for 30 days, designated as 0.1, 0.5, 1, and 5 PPA groups, respectively. These doses were based on serum PPA concentrations of rats fed a BB-containing diet and in vitro PPA experiments in cell cultures. (8) All four PPA treatment groups were pair-fed to control, and their food and calorie intakes were matched to control group. Mice were housed in an Association for Assessment and Accreditation of Laboratory Animal Care-approved animal facility in the Arkansas Children's Nutrition Center Animal Studies Core at the Arkansas Children's Research Institute, with constant humidity and lights on from 6:00 a.m. to 6:00 p.m. at 22°C. All animal procedures were approved by the Institutional Animal Care and Use Committee at University of Arkansas for Medical Sciences (UAMS, Little Rock, AR, USA). After 30 days of injections (age postnatal day 55 [PND55]), mice were anesthetized by injection with 100 mg Nembutal/kg body weight (Avent Laboratories, MA, USA). Blood was collected via cardiac puncture, which was followed by decapitation; femur, tibia, and vertebrae were collected.
µCT bone analyses µCT measurements of the trabecular and cortical compartments from the right tibial bone were evaluated using a Scanco μCT scanner (μCT-40; Scanco Medical AG, Bassersdorf, Switzerland) at 12 μm voxel resolution. The trabecular compartment included a 0.9 mm region extending distally 0.03 mm from the physis. All data were acquired at 70 kVp, 114 mA, and 200 ms integration time. The grayscale images were processed by using a low-pass Gaussian filter (σ = 0.8, support = 1) to remove noise, and a fixed threshold of 245 was used to extract the mineralized bone from the soft tissue and marrow phase. Cancellous bone was separated from the cortical regions by semiautomatically drawn contours. A total of 120 slices starting from about 0.1 mm distal to the growth plate, 0.70 mm in length, were evaluated for trabecular bone structure, bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), trabecular number (Tb.N, 1/mm), connectivity density (ConnD, 1/mm 3 ), and structure model index (SMI) were calculated based on descriptions by Bouxsein and colleagues (16) and Cao and colleagues, (17) and by using software provided by Scanco, as described in detail previously. (17, 18) For cortical bone of the tibia, the cortical compartment was a 0.6-mm region extending distally starting 5 mm proximal to the tibia-fibula junction. Total cross-sectional area (CSA, mm 2 ), medullary area (MA, mm 2 ), and cortical thickness (Ct.Th, mm) were assessed.
Bone histology and histomorphometry
Mouse lumbar vertebra (L 5 ) samples were embedded, cut, and von Kossa and TRAPase-stained by Histology Special Procedures, Department of Biology, School of Science, A Purdue University School, Indianapolis, IN, USA, and at histological core, Arkansas Children's Nutrition Center. For histomorphometric analysis, sections were read in a blinded fashion. Parameters of cancellous bones in the body of vertebra were measured with a digitizing morphometry system, which consists of an epifluorescent microscope (model BH-2; Olympus), a color video camera, and a digitizing pad (Numonics; 2206) coupled to a computer (Sony) and a morphometry program OsteoMetrics (OsteoMetrics, Decatur, GA, USA). Total bone area, osteoblast number and surface, osteoclast number and surface, eroded surface, and other parameters were obtained by manual tracing as described previously. (8) Measurements of bone turnover markers in serum and bone marrow plasma Blood serum and bone marrow plasma were prepared at the time of tissue harvest. Bone marrow was flushed out from femur using 300 µL PBS, vortexed, and spun (1700g) for collecting supernatant as bone marrow plasma. The serum and bone marrow plasma bone formation marker, bone-specific alkaline phosphatase (ALP), was measured by Rat-MID™ ALP ELISA, from Nordic Biosciences Diagnostic (Herlev, Denmark). The serum and bone marrow plasma total osteocalcin (Gla-OC) and undercarboxylated osteocalcin (Glu-OC) levels were measured by an ELISA-based kit from TaKaRa Bio (Otsu, Japan). The serum bone resorption marker C-terminal telopeptides of type I collagen (CTX-1) was measured by Rat-Laps™ ELISA from Nordic Biosciences Diagnostic (Herlev, Denmark).
Cell cultures
Bone marrow-derived mouse stromal cell line ST2 cells were obtained from the Riken Cell Bank (Ibaraki, Japan), and mouse calvarial cells (isolated from 4-day-old male and female mouse pups after sequential collagenase digestion) were cultured in 75-cm 2 flasks in α-MEM supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA), penicillin (100 Units/mL), streptomycin (100 µg/mL), and glutamine (4 mM). These cell cultures were previously described in our laboratory. (19) ST2 cells were seeded in six-well plates and treated with five different concentrations of PPA in the presence of either osteogenic medium or adipogenic medium. For the concentrations of PPA, 10 µg/dL is equivalent to the PPA level in animal blood after consumption of a 10% (of calories) blueberry diet, and referred to as 1 × for in vitro cell treatment; therefore, 0.1 × = 1 µg/dL, 0.5 × = 5 µg/dL, 5 × = 50 µg/dL, and 10 × = 100 µg/dL. Standard ALP activity staining was performed after 10-day treatments, and Oil Red O staining was performed after 7-day treatments in cell cultures according to methods published previously. (20) In other experiments, cell RNA isolation was performed after cells were treated with PPA for 24 hours. To generate replicative senescent ST2 cells, we cultured 2 × 10 4 cells/well in a six-well plate; when the cells became confluent after 5 days, they were passaged. This procedure was repeated 29 times for a total of 30 passages with or without HA or PPA treatments. Methods of ST2 cells treated with 4 hours starvation (absence of serum) and 24 hours pretreatment with 25 µM hydrogen peroxide (H 2 O 2 ) to induce cellular senescence were described previously. (21) 
35
S-GTPγS binding assay
Ligand-induced 35 S-GTPγS binding was studied using membrane fractions prepared from mouse fetal calvarial cells stably transfected with mouse GPR109A overexpression plasmid (OriGene, Rockville, MD, USA; catalog number RG206527) or GPR109B (OriGen Technologies; catalog number RG208523). Nicotinic acid used in this study was purchased from Sigma Chemical (St. Louis, MO, USA). Acifran was synthesized by chemists at Arena Pharmaceuticals (San Diego, CA, USA). 35 S-GTPγS (1160 Ci/mmol) was from Amersham Biosciences (Piscataway, NJ, USA). Binding of 35 S-GTPγS was determined in the presence of increased concentrations of nicotinic acid, acifran, HA, or PPA. The membranous, cytosolic, and nuclear fractions of proteins from cells were prepared according to the procedure provided by the manufacturer (Pierce Biotechnology, Rockford, IL, USA). Detailed procedure of binding assay was previously described by Ren and colleagues, (11) and binding was allowed to proceed for 1 hour before centrifuging the plates at 4000 rpm (1700g) for 15 min at room temperature and subsequent counting in a TopCount scintillation counter.
Senescence-associated β-galactosidase (SABG) activity assay
The SABG activity assay was performed using a β-galactosidase enzyme assay kit (Promega, San Luis Obispo, CA, USA), measuring the absorbance at 420 nm according to the manufacturer's instructions. Isolation of proteins from cells and bone tissues for SABG activity measurements were described previously. (20, 22) RNA isolation, real-time reverse-transcription polymerase chain reaction Cell and bone tissue RNA isolation from in vitro cultured cells and in vivo tissues were extracted using TRI Reagent (MRC Inc., Cincinnati, OH, USA) according to the manufacturer's recommendations followed by DNase digestion and column cleanup using QIAGEN mini columns (QIAGEN, Valencia, CA, USA). (22) Reverse transcription was carried out using an iScript cDNA synthesis kit from Bio-Rad (Hercules, CA, USA). All primers for real-time PCR analysis used in this report were designed using Primer Express software 2.0.0 (Applied Biosystems, Foster City, CA, USA).
RNA-seq-based gene expression analysis RNA-seq was performed using RNA isolated from femurs from saline control and 0.5 mg/kg/day groups. Total RNA was isolated from femurs of individual mice (n = 10 per group). Poly-A mRNA from each individual RNA sample (1 μg) was isolated using mRNA Direct reagents. Equal amounts of polyAmRNA from two to three mice were pooled, to generate three biologically distinct replicates per treatment group, representing all animals. Directional RNA-seq libraries were prepared using NEBNext reagents as described previously (23) and validated using electrophoresis and quantified using Qubit dsDNA reagents. Single-read 75-bp sequencing of libraries was performed using a NextSeq500 (Illumina, San Diego, CA, USA). Data analysis was performed via alignment of high-quality reads using Bowtie2, and quantitation of read counts to genes using SeqMonk. (24, 25) Differentially expressed genes were identified via DeSeq2 package in R ( ± 2-fold change; false discovery rate [FDR] corrected p values < 0.05). The lists of differentially expressed genes were analyzed for GO biological process enrichment using the BiNGO plugin in Cytoscape. To specifically examine expression differences in bone-related genes, we compiled a list of genes with known functions in bone and skeletal biology. Using the mouse genome informatics gene ontology reference (MGI; http://www.informatics. jax.org/), we identified 550 genes with terms "ossification," "osteoblasts," "osteoclasts," "skeletal," or "bone" in either one of three ontologies (Biological Process, Cellular component or Molecular functions). This list, referred to as bone-related genes, were further analyzed for differential expression for a targeted analysis.
Statistical analyses
Statistical power was computed based on a two-factor ANOVA with 10 mice per group. In our preliminary analysis of the effects of 5% blueberry diet supplementation, or HA injection using a smaller sample size (8 rats/group, 5 mice/group) than in the proposed study, the European statistical forum (ES[f]) from comparing tibial cortical BMD between blueberry diet-fed rats to those on normal chow was 0.89, whereas an ES(f) = 1.34 was observed when comparing tibial trabecular bone mineral density (BMD) between the two groups. Hence, with a sample size of 10/group, we should have sufficient power to detect meaningful differences. Numerical variables were expressed as means ± SE. Comparisons between groups were performed with the nonparametric Kruskal-Wallis test followed by a Dunnett's test comparing each dose to the control group. The nonparametric Wilcoxon rank-sum test was used to compare controls to individual treatment. Cell culture experiments were conducted at least three independent times, and representative images are displayed. Dose or time response was assessed using Cruick's nonparametric test for trend. The critical p value for statistical significance was p = 0.05.
Results
PPA stimulates osteoblast differentiation but inhibits adipogenesis in ST2 cells
We have studied the in vitro osteoblastogenic promoting properties of PPA at concentration ranges found in rat serum after consumption of a BB-containing diet. (8) The molecular structure of PPA is presented (Fig. 1A) . Our intent was to determine if PPA at the range of concentrations found in serum of rats fed a BB diet can promote osteoblastic cell differentiation. ST2 cells were cultured in osteogenic medium (OB) treated with four different concentrations of PPA. The concentrations ranged from 0.1 × to 100 × of the levels found in rat serum, where 1 × (10 µg/dL) represented the level found in serum of rats fed blueberry at 10% of calories. (8) After 10 days of treatment, ALP staining, a well-known assessment for osteoblast differentiation, showed increased osteoblastogenesis in 0.1 × to 10 × PPA-treated cells (Fig. 1B, C) . Figure 1C shows increased ALP-positive colonies in PPA-treated wells. RNA was collected following 24-hour treatment with PPA from a separate experiment, and real-time PCR analysis showed increased mRNA expression of osteoblast differentiation markers such as collagen-1 (Col-1) and osteopontin (OPN) in cells treated with PPA (Fig. 1D, E) . These are consistent with the ALP staining results. PPA was further tested for its ability to inhibit adipogenesis in cultures of pluripotent ST2 cells. ST2
JBMR Plus (WOA) JBMR Plus (WOA) cells were pretreated with four different concentrations of PPA for 24 hours before adding adipogenic medium. Oil red O staining indicated suppressed adipogenesis by PPA (Fig. 1F, G) . Figure 1G shows decreased intensity of Oil red O-stained adipocyte-like cells per well. Real-time PCR analysis showed decreased mRNA expression of adipocyte-like cell differentiation markers such as adipsin and CCAAT/enhancer binding protein (CEBPα) in cells treated with PPA (Fig. 1H, I ). These stimulatory and inhibitory effects of PPA on cell differentiation tended to be dose-dependent in ST2 cells.
PPA stimulates 35 S-GTPγS binding to GPR109A and inhibits cellular senescence PPA and HA are phenolic acids and structurally similar to nicotinic acid. Assays for PPA and HA binding to G protein coupled receptor 109A (GPR109A, HM74a/PUMA-G), the receptor for nicotinic acid were carried out. Ligand-stimulated guanine nucleotide exchange using a 35 S-GTPγS binding assay was assessed, with membrane fractions prepared from mouse calvarial cells transfected with vectors that express either GPR109A or GPR109B. GPR109B is a close homolog of GPR109A with 95% amino acid sequence identity. Similar to nicotinic acid, PPA and HA bound to membranes from cells transfected with GPR109A ( Fig. 2A) . As a positive control, we used acifran, a nicotinic acid analog known to be active on both GPR109A and GPR109B. Unlike acifran, we observed a very weak binding for both PPA and HA to GPR109B (Fig. 2B) .
We next tested whether PPA can inhibit bone marrow stromal cell senescence; we have reported this action by HA previously. (9) We have established a replicative senescent cell model by passaging mouse ST2 mesenchymal stem cells (MSCs) 30 times. (26) Cells were treated with 1 × HA or PPA for 24 hours, and cell RNA and protein were extracted for real-time PCR and senescence-associated β-galactosidase (Beta-Gal) activity analysis following the first and last (30th) passages. HA and PPA significantly inhibited Beta-Gal activity in first passage cells, and substantially inhibited Beta-Gal activity in cells passaged 30 times with continuous treatments of HA and PPA (Fig. 3A) . In accordance with these data, significant downregulation of p53 gene expression was found in both the first and 30th passaged cells after treatment with HA or PPA compared to those without treatment (Fig. 3B) . To illustrate further of inhibitory effect of PPA on MSC senescence, ST2 cells were treated with 1 × of PPA for 3 days. Beta-Gal activities in ST2 cells increased by time (Fig. 3C) , PPA inhibited Beta-Gal activities on day 2 and day 3 (Fig. 3C) . Inhibitory effects of PPA on Beta-Gal activities were accompanied by inhibition of p53 and p21 gene expression in ST2 cells (Fig. 3D, E) . Moreover, PPA also inhibited serum starvation and 25 µM hydrogen peroxide (H 2 O 2 )-induced Beta-Gal activities (Fig. 3F) . (Fig. 3G, H) .
PPA stimulates bone formation in rapidly growing mice
To better understand how different doses of PPA work on bone formation in vivo, we administered four doses of PPA (mice were injected i.p. with 0.1, 0.5, 1, and 5 mg/kg/day) to 1-monthold female C57BL6/J mice for 30 days. µCT scan on mouse tibias revealed that PPA, specifically at doses of 0.1 to 1 mg/kg/day, significantly increased trabecular bone acquisition (Table 1) . At 6 weeks old, mice are still in the rapidly growing phase, and trabecular bone accumulation is close to maximal levels by this time. Treatment of mice with 0.1, 0.5, and 1 mg/kg/day PPA significantly increased trabecular bone volume (BV/TV), and connective density compared to those in control diet with saline treatment (Table 1) . These increases in bone acquisition were characterized by significantly elevated trabecular thickness (Tb.Th), and significant decreases in trabecular spacing (Tb.Sp) in 0.1 mg/kg/day and 1 mg/kg/day PPA-treated mice compared to control. As not to our expectation, trabecular number (Tb.N) did not show significant differences. There were no significant differences in cortical parameters among all groups with or without PPA treatments (Table 1) .
Histology and histomorphometric analysis were performed on mouse lumbar vertebrae (L 5 ). Von Kossa staining showed increased trabecular bone in all PPA-treated animals compared to control animals ( osteoclastic cells in all PPA-treated animals compared to control animals (Fig. 4B) . Parameters from histomorphometric read on lumbar vertebrae (L 5 ) are slightly different than data from µCT on tibia. We found significantly increased BV/TV (%) (Fig. 4C) and Tb.N (Fig. 4D ) in all PPA-treated groups compared to control group, but there are no clear dosedependent effects. On the other hand, Tb.Sp significantly decreased in all PPA-treated animals compared to control (Fig.  4E ). Ob.S/BS tended to increase dose-dependently (Fig. 4F) , Oc.S/BS significantly decreased in all PPT-treated groups compared to control group (Fig. 4F ) and this is consistent with TRAPase staining presented in Fig. 4B . In accordance with these data, N.Ob increased in all PPA-treated animals (Fig. 4G) ; on the other hand, N.Oc significantly decreased in PPA-treated groups compared to control group (Fig. 4H) . Serum bone-specific ALP levels, a bone formation marker, and total osteocalcin (Gla-OC) levels were increased significantly in all PPA-treated groups compared to saline control (Table 2) . Increased bone formation markers in all PPA-treated animal groups did not exactly reflect dose-associated µCT bone parameters, but qualitatively were consistent with an osteoblast-stimulating phenotype and histomorphometric data from vertebrae. ALP and osteocalcin levels were also measured in bone marrow plasma. Bone formation markers ALP and total osteocalcin levels in bone marrow plasma were significantly increased in all PPA-treated groups compared to control, but there was no dose-dependent trend (Table 2 ). In bone marrow plasma, concentrations of undercarboxylated osteocalcin, which is an active form of osteocalcin, were found significantly higher in only 0.1 mg/kg/day and 0.5 mg/kg/day PPA-treated groups compared to saline control group (Table 2) .
We isolated proteins and total RNA from L 4 vertebrae for measurement of senescence-associated β-galactosidase (BetaGal) activity in bone. Western blot and real-time PCR analysis were performed to determine possible bone-forming signal transduction pathways. All four PPA treatments significantly inhibited Beta-Gal activity with the 0.5-mg/kg/day dose having the greatest inhibition (Fig. 5A ). PPARγ expression in total RNA from both bone (Fig. 5B ) and bone marrow plasma (Fig. 5C ) was downregulated in both 0.5 mg/kg/day and 1 mg/kg/day PPAtreated animals compared to saline control. In accordance with these data, Western blots showed downregulation of PPARγ protein expression in whole bone after PPA treatments (Fig. 5E) , with the protein expression pattern relatively matching its mRNA pattern. P53 protein expression in bone was also downregulated by PPA treatments, especially at the higher ◼ 6 CHEN ET AL.
JBMR Plus (WOA) JBMR Plus (WOA) doses (Fig. 5D) , indicating an anti-senescence property of PPA in bone. Moreover, β-catenin mRNA expression in bone were significantly increased from all PPA-treated animal groups compared to control group (Fig. 5F ). This is consistent with its protein expression and phosphor-p38 (p-p38) expression (Fig. 5G) .
Changes in gene expression in bone in response to PPA treatment To identify additional genes in bone that are responsive to PPA treatment, we carried out RNA-seq-based gene expression profiling. We found that bone-specific genes collagen 1, osteocalcin (bone gamma-carboxyglutamate [gla] protein), and osteonectin were among the top 50 highly expressed genes based on normalized reads per kilobase of transcript per million mapped (RPKM) values, indicating that the RNA preparations were, as expected, enriched with bone tissue. Differential expression analysis of all genes showed that PPA treatment affected expression of 158 transcripts (±2-fold change, p < 0.05) (Supporting Table 1 ). Gene ontology analysis using BiNGO showed that small molecule signaling, including amine metabolism and oxoacid metabolism, were significantly influenced by PPA treatment (Supporting Table 2 ). Further, predominant changes in genes involved in acute stimulus response and inflammatory response were also affected. In this context, mRNA expression of neutrophil elastase, myeloperoxidase, and neutrophil granule protein (Npg) were downregulated. To examine the influence of PPA treatment within genes involved in skeletal functions, we identified 550 bone, ossification, osteoclast, osteoblast, and skeletal-associated genes using gene ontology definitions. Among these, 50 genes showed a minimum ±1.5-fold change in expression in PPAtreated animals compared to control animals. These 50 genes were analyzed to determine which biological pathways were affected by PPA treatment. Of the top 15 pathways, biological regulation, multicellular organismal process, and development process were the top three groups in terms of number of genes involved at 68% (34 genes), 64% (32 genes), and 56% (28 genes), respectively (Fig. 6A) . Moreover, focusing on pathways specific to bone, anatomical structure morphogenesis (32%, 16 genes), bone development (18%, 9 genes), and skeletal system development (24%, 12 genes) were the top three pathways enriched (Fig. 6B) . These data are consistent with the proposal that PPA is involved in promotion of bone development.
Principal component analysis of gene expression profiles showed that subsets of transcripts discriminated control and PPA samples, indicating a significant effect of PPA on bone gene expression (Fig. 7A) . Those 50 genes that had at least 1.5-fold changes in their expression were further analyzed and presented in heat map (Fig. 7B) . Using real-time PCR, we found that PPA treatment in vivo not only suppressed expression of genes that are involved in senescence pathway, such as p53 and MMP9, but also increased expression of genes involved in osteoblast differentiation, such as Runx2 (Fig. 7C) . Surprisingly, PPA treatment significantly downregulated expression of genes involved in osteoclastogenesis or bone resorption (one of the pathways listed in Fig. 7B ), such as cathepsin k (Ctsk) (Fig. 7C) , suggesting that PPA inhibits bone resorption and/or modifies osteoclast function in mice.
Discussion
In the current report, we present in vitro and in vivo results of PPA effects on osteoblastic cell activity and bone accrual in young mice. This compound (unconjugated free form) was found to be the second most abundant phenolic acid among the phenolic acids that had at least a 10-fold higher concentration in the serum of rats fed a BB-containing diet compared to those fed a control diet. (8) Based on transcript and protein expression patterns, we propose that the cellular and skeletal effects of this compound are mediated in part through activation of osteoblast differentiation and activity, reduction in osteoblast cell senescence pathways, and possibly through suppression of PPARγ-mediated adipogenesis from MSCs, thus favoring osteoblastogenesis. Although the optimal dose of PPA needed to increase net bone formation in animal models still needs to be fully verified, mechanisms of the beneficial effect of PPA on the skeletal system may be similar to HA (8) and other phenolic acids that have been described previously. (27) Nutritional research on bone health indicates the importance of an adequate intake of dietary calcium, vitamin D, protein, and phytochemicals. Research into the correlation between fruit and vegetable intake and bone mineral density has suggested a role for polyphenolic compounds found in fruits and vegetables in promoting bone health. (28) However, there have been few mechanisms confirmed, and a dearth of specific compounds under investigation as potential dietary supplements or for longterm therapeutic alternatives to chemically-synthesized medicines for boosting peak bone formation. For reasons and mechanisms not well understood, previous reports on phenolic acids' bone protective, antioxidant, and antiinflammatory effects have been highly variable: different phenolic acids may have different or opposite effects on osteoblast differentiation or on decreasing the formation of osteoclast-like cells. (29) For example, chlorogenic and caffeic acids were previously observed to negatively regulate osteoblast differentiation as shown by dose-dependent impacts on reducing ALP activity. (27) In our current report, we performed cell culture studies demonstrating that PPA enhanced preosteoblast differentiation while inhibiting adipogenesis in common progenitor cells. This finding suggested that PPA is capable to drive stem cell differentiation potential, and may have a profound impact on bone health promotion. Low-dose PPA had convincing effects on promoting osteoblastogenesis and gene expression, suggesting differentiation of MSCs toward tissue specific lineages, for example to either osteoblasts or adipocytes, is sensitive to environmental conditions. We suspect very little changes of bone metrics, or plasticity or local acid-base balance (30, 31) by PPA may alter stem cell differentiation program.
Circulating PAs such as PPA are gut microflora-derived metabolites of polyphenols following consumption of BB and other fruits, vegetables, and coffee. (32) Most PAs are structurally similar to nicotinic acid or niacin (the essential nutrient, vitamin B3), the nicotinic acid metabolite that binds and perhaps activates the G-protein coupled receptor GPR109A. (33) PPA and HA have a high affinity to bind GPR109A, but are largely inactive on its homologous receptor GPR109B, consistent with previous observations. (11) We therefore suspected that the actions of PAs on bone cells may be mediated through mechanisms involving activation of GPR109A, although the role of GPR109A itself in skeletal development is unknown. GPRs constitute the largest family of cell-surface molecules involved in signal transduction and cell differentiation, and have emerged as crucial players in child development, growth, and maturation. (34) They are targets for many approved drugs. GPRs are capable of recruiting and regulating the activities of specific heterotrimeric G proteins, which are specialized signal transducers composed of three subunits: α, β, and γ. Secondary messenger cAMP is usually involved in G protein receptor signaling, which is known to be important in many aspects of cell physiology, including cell growth, survival, and differentiation. (35) Several subtypes of GPRs have been shown to be involved in skeletal growth (36) and obesity development. Future studies that leverage GPR109A knockout mice should help untangle whether GPR109A plays a role in the pathway of osteoblast or adipocyte and osteoclast differentiation, and whether PPA or HA truly promote osteoblastogenesis through GPR109A.
Bone mass accumulations during puberty (ages 12 to 18 years) are substantial, and fast bone remodeling favors osteoblastic bone formation over osteoclast bone resorption. Recent studies in animal models have shown that sufficient or optimal bone formation during early life is critical for delaying bone loss during aging, and such bone formation during early life can be epigenetically regulated. (37) For that reason, we chose a young rapidly growing mouse model to study PPA in vivo, aiming to see whether PPA promotes bone growth during early life and whether the effect could persist into adulthood. The in vivo effects of PPA on bone formation indicates that 0.1 mg/kg/day to 0.5 mg/kg/day PPA clearly increased trabecular bone formation in female mice, among several other significant effects. These are not only supported by measurements of bone turnover markers in both serum and bone marrow plasma, and increased expression of osteoblast differentiation marker Runx2, but also by a decrease in gene expression such as PPARγ in bone and bone marrow. Our data implicated that the effects of PPA on bone properties as revealed by µCT (Table 1 ) and histomorphometry (Fig. 4) vertebrate are more prominent than that on the tibia. µCT is based on radiological properties of the skeleton whereas histomorphometry allows cellular quantification of bone cell subtypes and is based on manual tracing on histological slides. Hence, a number of internal inconsistencies could be due to the specifics of the methods and the surrogates they represent. Because the compound was subcutaneously injected, as designed, it is completely possible; however, our current studies are not able to address whether the compound PPA has different effects in the vertebrae versus the tibia. Hence, we will apply µCT on both bone site to compare the effect of the compound, and subcutaneous injection versus oral administration in our future studies. Further, because the tibia is much more influenced by body weight in rodents relative to vertebrae, this could be an additional indirect confounder.
Moreover, consistent with cell culture data, tissue senescence marker Beta-Gal activity measurement in bone marrow plasma suggests PPA has anti-senescence properties. We used three different cell culture models, ie, physiological cellular senescence cell culture model, cell cultures with serum starvation, and hydrogen peroxide pretreatment to induce cellular senescence model, and examined that PPA clearly inhibits both physiological and pathological cellular senescence programs. The inhibitory effect of PPA on osteoblastic cell senescence signaling may offer some valuable guidance to the clinical practice. We were the first group previously to describe contribution of osteoblast senescence to ovariectomyinduced bone loss; (14) therefore, PPA may be considered as therapeutic compound to postmenopausal or aging-induced osteoporosis on targeting osteoblasts to prevent their senescence program.
Interestingly, by using next-generation RNA-sequencing (RNA-seq) analyses, we have shown that PPA not only increased expression of genes involved in skeletal development and bone mineralization, but also suppressed tissue senescence markers such as MMP9. (22) Furthermore, PPA significantly reduced Ctsk gene expression, a specific osteoclast differentiation marker. Taken together with CTX data in animal serum, we believe that PPA may have a significant effect on suppressing bone resorption. This hypothesis awaits confirmation from future investigation.
In conclusion, we have characterized the effects of PPA on inhibiting senescence signaling to promote MSC differentiation potential toward osteoblasts, while suppressing adipogenesis. In an animal model of PPA treatment, we found that relatively low-dose PPA resulted in significantly better bone volume and trabecular thickness compared to controls. PPA was capable of altering the MSC differentiation program and bone cell senescence. Thus, our findings lead us to propose a novel idea that diet-derived PAs such as PPA and HA are capable of altering stem cell differentiation and senescence programming that is important to net bone formation, and that these effects may in part be through actions at GPR109A in bone cells.
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